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INTRODUCTION  AND  OBJECTIVES 


This  program  investigates  the  aerodynamic  performance  of  a 
subscale  model  of  a variable  pressure  ratio  high  through 
flow  (HTF)  turbine.  This  rig  was  sized  relative  to  flow, 
speed,  work  and  diameter  such  that  a full  size  scale-up 
would  drive  and  match  an  existing  HTF  compressor  and  combustor. 
This  program  was  tailored  to  employ  considerable  hardware 
from  a technology  related  IR&D  effort  currently  underway  in 
the  area  of  high  equivalent  work  gasifier  turbines. 

The  HTF  compressor  concept  was  successfully  demonstrated  by 
Detroit  Diesel  Allison  under  USAF  Contract  F33615-72-C-1233 
sponsored  by  the  Aero  Propulsion  Laboratory.  The  high  inlet 
Mach  number  combustor  technology  required  for  HTF  engine 
development  is  currently  in  progress.  This  effort  is  funded 
by  USAF  Contract  F33615-74-C-2028  and  is  also  sponsored  by 
the  Aero  Propulsion  Laboratory.  The  goals  of  HTF  turbine 
program  Contract  F33615-76-C-2068  are  to: 

o provide  valuable  detailed  aero  design  information  to 
augment  the  current  technology  base  for  the  design 
of  a HTF  gas  turbine  engine 

o demonstrate  the  aerodynamic  performance  of  a subscale 
model  of  a full  size  HTF  turbine  which  fully  utilizes 
the  technology  advancements  demonstrated  in  the 
companion  combustor  and  compressor  programs. 
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The  goal  efficiency  was  87  percent  for  the  subscale  turbine 
rig  based  on  a total-to-total  expansion  ratio. 


The  aero-designer  is  confronted  with  several  major  aero- 
dynamic problems  m the  definition  of  a HTF  turbine  which 
employs  (1)  the  increased  rotational  speeds,  and  (2)  has  a 
maximum  diameter  which  is  consistent  with  the  reduced  frontal 
area  of  the  HTF  compr«?sor  and  combustor.  Some  of  these 
problems  have  been  addressed  to  individually  and  others  are 
rational  extensions  of  state-of-the-art.  Never  have  all  these 
problems  been  addressed  in  one  design.  The  problem  areas  are: 
o small  limiting  loading  margin 
o high  rotor  relative  inlet  Mach  number 
o low  aspect  ratio  blading 
o large  rotor  turning 

o low  hub/tip  radius  ratio.  * 

These  problem  areas  were  investigated  and  evaluated  in  a three 
phase  program  consisting  of  the  design,  fabrication,  and  testing 
of  an  uncooled,  fixed  geometry  subscale  model  of  a single  stage 
HTF  turbine.  The  turbine  for  the  subscale  rig  incorporated 
solid  machined  blading  which  was  integral  with  the  wheel.  The 
blade,  in  the  full  size  is  suitable  for  air  cooling  and  has 
satisfactory  mechanical  structural  capability  for  high  temperature 
engine  application. 
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The  results  of  the  HTF  turbine  program  will  be  used  to  bridge 
the  technical  gap  required  to  apply  some  of  the  major  payoffs 
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of  the  HTF  compressor  and  combustion  programs.  These  payoffs 
are  reflected  in  an  engine  with  fewer  parts  which  reduces 
development  time  and  cost.  Tactical  payoffs  will  be  exhibited 
in  reduced  engine  weight  and  frontal  area. 


SECTION  II 


SUMMARY 


The  Detroit  Diesel  Allison  Division  has  designed,  fabricated 
and  successfully  tested  a subscale  model  of  a variable  pressure 
ratio,  high  through  flow  turbine.  The  single  stage  turbine  rig 
was  designed  such  that  a full  size  scale-up  is  aerodynamically 
compatible  with  the  existing  5-stage  HTF  compressor  demonstrated 
by  DDA  and  funded  by  USAF  Contract  F33615-72-C-1233.  The  full 
size  turbine  diameters  are  consistent  with  HMTC  combustor 
program  currently  under  development  under  USAF  Contract  F33615- 
74-C-2028 . 

The  test  program  for  the  subscale  HTF  turbine  was  conducted  in 
two  phases.  The  initial  test  phase  was  a full  annular  stator 
cascade  test  designed  to  isolate  the  vane  losses  over  a broad 
range  of  exit  conditions.  The  overall  vane  passage  losses 
closely  matched  the  predicted  design  point  value.  The  resulting 
contour  maps  showed  possible  performance  improvements  are 
potentially  available  in  the  near  hub  region.  The  vane  exhibited 
excellent  profile  loss  characteristics. 

Phase  II  of  the  test  program  was  the  overall  performance 
evaluation  of  the  subscale  HTF  turbine.  The  turbine  performance 
was  investigated  over  a wide  range  of  expansion  ratios  and 
equipment  speeds.  Rotor  exit  surveys  were  conducted  at  selected 
operating  conditions.  The  total/total  efficiency  of  the  turbine 


was  experimentally  determined  to  be  slightly  greater  than  88.8 
percent  at  design  point  conditions.  This  compares  to  a goal 
total/total  efficiency  of  87  percent  for  the  subscale  turbine. 

The  measured  flow  capacity  of  the  turbine  was  within  1.0  percent 
of  the  predicted  design  point  value.  The  measured  design  point 
rotor  hub  reaction  and  turbine  exit  swirl  were  essentially  the 
same  as  predicted. 

This  program  has  demonstrated  the  performance  of  a subscaled 
model  of  a HTF  turbine  designed  to  fully  utilize  the  technology 
advancements  of  the  HTF  compressor  and  combustor  programs.  The 
resulting  data  provides  valuable  detailed  aero-design  information 
to  augment  the  current  design  knowledge  of  the  HTF  gas  turbine 
engine  concepts. 


SECTION  III 

DESIGN  POINT  SELECTION 

Detroit  Diesel  Allison  has  conducted  preliminary  inter-discipline 
trade-off  studies  to  define  the  turbine  configurations  suitable 
to  drive  the  5-stage  HTF  compressor.  This  study  was  primarily 
concerned  with  turbojet  engines  which  employ  variable  flow 
capacity  components.  The  variable  geometry  was  employed  to 
provide  the  engine  with  the  capability  of  operating  at  a fixed 
compressor  match  point  over  a wide  range  of  flight  conditions. 

One  of  the  prime  considerations  in  this  study  was  defining  the 
relationship  between  turbine  blade  stress  level,  turbine  exit 
Mach  number  and  turbine  inlet  total  temperature  (first  rotor 
inlet  temperature,  RIT) . The  lower  the  selected  cruise  point 
RIT,  the  higher  the  turbine  exit  Mach  number  for  a constant 
stress  level  (turbine  exit  area) . For  this  study  the  turbine 
exit  area  was  selected  such  that  the  maximum  value  of  AeN2 
(untapered  hub  stress  parameter)  was  5.5  x lO^O  in^  rpm2 . The 
minimum  cruise  RIT  was  established  by  a turbine  limiting  loading 
constraint  (maximum  equivalent  work  level) . 

Turbine  variable  geometry  permits  the  engine  to  operate  at  low 
values  of  RIT  and  thereby  achieve  good  cruise  SFC.  By  "opening" 
the  turbine  and  operating  at  near  stoichiometric  inlet  temperatures, 
a high  thrust/weight  ratio  is  also  realized.  The  engine  config- 
uration resulting  from  this  study  employs  a single  stage,  variable 
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geometry  turbine  which  is  air  cooled.  The  minimum  RIT  for 
this  engine  was  determined  to  be  approximately  2200°F. 

The  turbine  aerodynamic  design  point  is  usually  chosen  to 
correspond  to  that  point  requiring  maximum  performance 
and/or  is  the  most  demanding  from  an  aerodynamic  viewpoint. 

The  aerodynamic  design  point  for  the  HTF  turbine  subscale 
rig  was  selected  to  simulate  a minimum  RIT  cruise  condition. 
The  operating  point  requires  the  turbine  to  have  good  per- 
formance while  operating  at  or  near  maximum  equivalent  turbine 
work. 

The  equivalent  aerodynamic  design  point  conditions  for  the 
subscale  HTF  turbine  rig  were: 


o 

equivalent  flow  rate,  (m/8cre ) 2 

61 

1.52 

lbm/sec 

o 

equivalent  work  level,  Ah/0cr2 

33.4 

Btu/lbm 

o 

equivalent  rotational  speed,  N//0cr2 

25675 

rpm 

o 

goal  total/total  efficiency,  riTT 

87% 

o 

total/total  expansion  ratio,  Re-pT 

3.36 
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SECTION  IV 


SUBSCALE  HTF  TURBINE  RIG  FLOWPATH  AND  VELOCITY  DIAGRAMS 


The  uncooled  and  fixed  geometry  subscale  HTF  turbine  rig  was 
designed  to  simulate  the  aerodynamic  difficulties  of  the  full 
size  turbine  operating  at  the  design  point.  At  this  flight 
condition  the  full  size  turbine  is  operating  at  near  limiting 
loading  (maximum  equivalent  work)  and  the  variable  vane  is 
in  the  "closed  position"  (minimum  equivalent  flow  rate) . 

The  flowpath  of  the  subscale  rig  is  a linear  scale  of  the 
full  size  turbine.  Figure  1 shows  the  subscale  HTF  turbine 
flowpath.  Due  to  the  high  stress  and  temperature  levels  over 
which. the  full  size  turbine  must  operate,  the  use  of  a rotor 
tip  shroud  was  not  feasible.  The  rotor  incorporates  a constant 
tip  diameter  as  a method  of  controlling  tip  clearance  variations 
resulting  in  axial  misalignments.  The  constant  rotor  hub 
geometry  was  employed  in  the  full  size  turbine  to  reduce  the 
"dead  weight"  at  the  wheel  rim  which  in  turn  reduces  wheel 
stress.  This  arrangement  was  found  to  result  in  a significant 
reduction  in  rotor  assembly  weight.  The  constant  hub  and  tip 
diameters  of  the  vane  is  consistent  with  the  HTF  turbine 
variable  geometry  requirement. 

The  salient  flowpath  characteristics  of  the  subscale  turbine 
rig  are: 

o stator  hub/tip  diameter  ratio  0.72 
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o 

rotor  hub/tip  diameter  ratio 

0.71 

o 

stator  height 

0.91  in. 

o 

rotor  height 

0.94  in. 

o 

overall  turbine  length 

1.37  in. 

o 

stator  tip  diameter 

6.586  in. 

o 

stator  hub  diameter 

4.76  in. 

o 

rotor  tip  diameter 

6.612  in. 

o 

rotor  hub  diameter 

4.724  in. 

o 

rotor  tip  clearance 

.0072  in. 

HTF 

turbine  subscale  rig  velocity 

diagrams  were  calculated 

using  a DDA  computer  model  which  satisfies  continuity,  energy 
and  momentum  equations  at  the  inlet  and  exit  stations  of  each 
blade  row.  The  axisymmetric  calculation  includes  the  effects 
of  streamline  curvature  and  radial  gradients  in  both  enthalpy 
and  enthropy.  The  selection  of  work  and  airfoil  loss  distri- 
butions were  based  on  DDA  design  experience. 

The  subscale  turbine  velocity  diagrams  can  not  exactly  match 
those  of  the  full  scale  turbine  at  all  axial  stations  because 
of  such  factors  as: 

o differences  in  turbine  inlet  total  temperature  radial 
profile,  (Tt^)  = constant  for  rig) 
o subscale  turbine  is  uncooled 

o effects  of  size  on  blade  row  radial  loss  distributions. 
The  subscale  rig  velocity  diagrams  were  designed  to  maintain 
rotor  hub  relative  inlet  Mach  number  and  stage  meanline  reaction. 
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The  vane  and  blade  inlet  and  exit  velocity  triangles  at  0 
(hub),  25,  50  (mean),  75  and  100  (tip)  percent  locations  are 
shown  by  Figure  2.  These  velocity  diagrams  simulate  very 
closely  the  aerodynamic  problem  areas  identified  for  the  full 
size  HTF  turbine.  The  average  values  of  stage  load  and  flow 
coefficients  for  this  condition  were  2.10  and  0.69,  respectively. 
Figure  3 shows  the  placement  of  the  subscale  rig  on  a conven- 
tional load  coefficient  - stage  efficiency  correlation  chart. 


LOADING  COEFFICIENT  J Ah/U 


SECTION  V 


SUBSCALE  HTF  TURBINE  BLADING  DEFINITION 


The  subscale  turbine  rig  blading  was  designed  to  be  character- 
istic of  the  vane  and  blade  sections  required  by  the  full  scale 
air  cooled  turbine.  The  resulting  airfoil  section  blockages, 
leading  and  trailing  edge  radii,  and  thickness/chord  ratio  are 
representative  of  the  full  size  turbine  blading. 

For  a given  solidity,  the  selection  of  the  number  of  vanes 

involved  a tradeoff  between  aspect  ratio  and  blockage.  The 

vane  cross  section  must  also  provide  sufficient  area  for  radial 

distribution  of  cooling  air.  The  number  of  vanes  selected  for 

the  HTF  turbine  rig  was  24.  For  an  assumed  trailing  edge 

diameter  of  0.016  inches  (0.070  inches  full  size)  the  resultant 

0^6 

meanline  blockage  (q  -+  p-£--)  is  approximately  7 percent  and  the 

aspect  ratio  (]■— ) is  near  1.0.  The  vane  maximum  thickness  to 
CT 

chord  ratio  (Tm/Or)  is  0.183. 

Figure  4 shows  the  subscale  turbine  vane  sections  at  0 (hub) , 
25,  50  (lean),  75  and  100  (tip)  percent  span  radial  locations. 
The  x,  y coordinates  of  these  planar  slices  are  shown  by 
Tables  1 through  5.  The  stacked  vane  section  composite  plot 
is  presented  in  Figure  5.  Table  6 is  a tabulation  of  the 
salient  physical  parameters  of  the  subscale  vane.  Figures 
6 through  8 show  the  predicted  surface  velocities  for  the 
vane  hub,  mean  and  tip  sections. 


Table  1 Subscale  HTF  turbine  rig  stator  coordinates 
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Table  3 Subscale  HTF  turbine  rig  stator  coordinates  - mean 
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Table  5 Subscale  HTF  turbine  rig  stator  coordinates 
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Table  6 


Tabulation  of  the  subscale  HTF  turbine  vane  and 
blade  geometric  parameters 


CONICAL  SECTION 

VANE 

HLADE 

PARAMETERS 

NUMBER  Of  AIRfOILS 

24 

3f) 

INLET  RADIUS 

1C. 425 

12.442 

14.425 

10.345 

12.192 

14.480 

INLET  METAL  ANGLE 

90.0 

90.0 

90.0 

38.9 

40.5 

’ 58.7 

INCIDENCE 

0.0 

0.0 

0.0 

5.0 

5.0 

-5.0 

DELTA  BETAl 

' 24.0 

24.0 

24.0 

16.0 

17.8 

24-0 

LEADING  EDGE  RADIUS 

0.20C 

0.240 

0.280 

0.100 

0.100 

0.10C 

THROAT  RADIUS 

10.425 

12.425 

1 4.425 

10.345 

12-412 

14.480 

THROAT 

0.762 

0.942 

0.937 

0.960 

1.179 

1.444 

PCX  MAX.  CURV. 

0.500 

0.500 

C.500 

0.400 

0.500 

0.990 

PC  MAX.  CURV. 

****** 

****** 

0.700 

o.snn 

fi-nm 

SUCTION  SURF.  MAX.  CURV. 

1.46 

1 .46 

1 .71 

1 .05 

1.24 

1 .53 

PERPO 

0.60C 

0 .400 

0.400 

0.500 

0.600 

0.400 

PRESSURE  SURF.  MAX.  CURV. 

1.16 

1 . 68 

1 .81 

0.79 

1.05 

2-01 

EXIT  RADIUS 

10.425 

12.419 

14.425 

10.345 

12.461 

14*480 

MERIDIONAL  CHORD 

1.850 

. 2.051 

2.2S0 

x_  ssn 

x -?nx 

?.  Ann 

DELTA  BETA? 

4.0 

4.0 

6.0 

4.0 

3.0 

4.0 

DOWN  STREAM  TURNING 

5.0 

5.0 

8.0 

8.0 

6.0 

S.O 

TRAILING  EDGE  RADIUS 

n.nxs 

n.nxs 

0-  nxs 

0-0X7 

0 0X7 

n nx7 

CONE  ANGLE  T 

0.0 

-0.6 

0.0 

o.d 

4.9 

0.0 

TRAILING  EDGE  CURV.  SLOPE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

SPACING 

2.729 

3.253 

3.776 

2.167 

2.600 

3.033 

i TRUE  CHORD 

3.369 

3.853 

4.596 

4.059 

3.912 

3.288 

SOLIDITY  CM/S 

0-/.78 

n_  Axn 

n_  SQA 

1 . AXS 

17X7 

0 7°1 

solidity  CT/S 

1.235 

1.185 

1.217 

1.873 

1.505 

1.084 

X MAX.  THICKNESS/CM 

0.353 

0.329 

0.347 

0.344 

0.326 

0.313 

'-MAX.  THICKNESS 

FI -A?/, 

n _7nr 

n . 7Ri 

n Jtxo 

n rxx 

n S7i  _ 

X THROAT/CM 

0.577 

0.537 

0.577 

0.753 

0.667 

0*473 

MAX.  THICKNESS/ CT 

0.186 

0.183 

0.170 

0.207 

0.188 

0.174' 

AREA 

1 - 1 40 

1 AAR 

7 . nr>7 

7.148 

i ,704 

1 094 

NLE/CT 

0.059 

0.062 

0.0*1 

0.025, 

0.026 

0.030 

BLONKA6E 

0.092 

0.074 

0.075 

0.078 

C.064 

0.052 

THRO  At/SP  AC  TIIG 

.n.?7o 

n , 700 

- n 7 Aft 

ft  A AX 

n 4C4 

COMPRESSIBLE  ZWEIFEL 

0.475 

0.611 

0.555 

0.548 

0.657 

0.563 

INCOMPRESSIBLE  ZWEIFEL 

0.91  5 

0.920 

0.840 

0.927 

1 .205 

1 .446 

Dimensionless  meridional  distance  - M/C 


Figure  6 Subscale  HTF  turbine  vane  surface  velocity 
distribution  - hub  section 


Figure  7 Subscale  HTF  turbine  vane  surface  velocity 
distribution  - mean  section 
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Subscale  HTF  turbine  vane  surface 
velocity  distribution  - tip  section 


The  combined  considerations  of  heat  transfer  and  structures 
lead  to  the  requirement  of  low  aspect  ratio  rotor  blades. 

As  the  number  of  blades  increases,  the  combined  weight  of 
the  blading  and  wheel  assembly  was  found  to  decrease.  For 
a given  solidity,  increasing  the  numbers  of  airfoils  reduces 
the  cross  sectional  area  at  the  hub  section  available  for 
coolant  flow  injection.  Due  to  structural  considerations  for 
the  full  size  turbine,  this  decrease  in  cooling  air  feed  cross 
sectional  area  is  not  proportional  to  the  airfoil  cross  sec- 
tional area.  It  was  found  that  the  optimum  number  of  blades 
to  be  approximately  30.  The  meanline  blockage  of  this  blade 
row  is  about  6.0  percent.  This  is  consistent  with  a full  size 
blade  trailing  edge  thickness  of  .075  inches.  Table  6 presents 
a tabulation  of  the  important  physical  characteristics  of  this 
blade. 

Figure  9 shows  the  subscale  HTF  turbine  rig  blade  section 
profiles  at  0 (hub),  25,  50  (mean),  75  and  100  (tip)  percent 
span  locations.  The  x,  y coordinates  of  these  planar  sections 
are  shown  by  Tables  7 through  11.  The  composite  plot  of  the 
stacked  sections  is  shown  by  Figure  10.  The  predicted  surface 
velocity  distributions  for  the  rotor  hub,  mean  and  tip  sections 
are  shown  by  Figures  11  through  13. 
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Table  7 Subscale  HTF  turbine  rig  rotor  coordinates  - hub 
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Table  11  Subscale  HTF  turbine  rig  rotor  coordinates 
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Figure  11  - Subscale  HTF  turbine  blade  surface  velocity 
distribution  - hub  section 


Dimensionless  relative  surface  velocity  - W/W 
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Figure  13  Subscale  HTF  turbine  blade  surface 
velocity  distribution  - tip  section 


SECTION  VI 


SUBSCALE  HTF  TURBINE  RIG  FABRICATION 

The  subscale  turbine  was  fabricated  from  materials  suitable 
for  cold  air  rig  testing.  The  vane  and  blade  assemblies  were 
both  machined  from  stainless  steel.  The  stator  assembly  was 
fabricated  by  machining  the  vanes  and  inner  rig  from  an  AMS 
5646  forging.  This  provided  a part  which  formed  an  integral 
vane  and  inner  band  (hub  flowpath) . The  outer  band  (tip 
flowpath)  was  machined  as  a separate  part.  The  stator  assembly 
was  fabricated  by  brazing  the  outer  band  to  the  vane  tips. 

This  fabrication  philosophy  has  been  used  previously  by  DDA 
and  is  preferred  to  machining  the  individual  vanes  and  attaching 
them  to  separate  inner  and  outer  bands.  The  method  employed 
is  not  only  cost  effective,  but  it  has  resulted  in  a vane 
assembly  which  has  very  consistent  vane-to-vane  throat  dimen- 
sions and  setting  angles.  Table  12  shows  the  measured  throat 
dimensions  at  approximately  20  and  80  percent  span  location. 

The  average  measured  throat  dimension  at  these  radial  locations 
are  0.196  and  0.219  compared  to  the  design  values  of  0.197 
and  0.226  at  the  same  radial  locations,  respectively. 

The  rotor  blades  and  wheel  were  fabricated  in  much  the  same 
manner  as  the  integral  vane  - inner  band.  They  were  machined 
from  a single  AMS  5613  forging,  resulting  in  an  integral  wheel- 
blading part.  This  single  piece  fabrication  procedure  resulted 
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in  accurate  blading  which  exhibited  little  deviation  in  the 
throat  dimensions  and  setting  angles.  Table  13  shows  the 
measured  throat  dimensions  for  all  30  blade  passages  at  26 
and  89  percent  span  locations.  The  design  values  for  these 
locations  are  0.235  and  0.329  inches.  The  measured  average 
throat  dimension  for  these  radial  locations  are  0.233  and 
0.313  inches. 

These  measurements  of  the  subscale  HTF  turbine  hardware 
indicated  that  both  airfoil  rows  were  fabricated  slightly 
closed  in  the  near  tip  radial  locations.  However,  the 
measurements  were  essentially  the  same  as  design  values  at 
approximately  20-25  percent  position. 


SECTION  VII 


SUBSCALE  HTF  TURBINE  RIG  TEST  PLAN 


The  subscale  HTF  turbine  testing  was  conducted  in  the  DDA 
Small  Turbine  Research  Facility.  The  testing  was  conducted 
in  two  phases : 

Phase  I Stator  Annular  Cascade  Loss  Evaluation 

Phase  II  Overall  Turbine  Performance  Evaluation. 

The  stator  annular  cascade  testing  consisted  of  a series  of 
four  radial-circumferential  surveys  to  define  the  vane 
performance  over  a broad  range  of  exit  Mach  numbers.  Upon 
completion  of  Phase  I,  the  rotor  was  installed  and  turbine 
performance  mapping  was  conducted.  During  Phase  II  rotor 
exit  radial  surveys  were  also  conducted  at  four  selected 
operating  conditions.  A detailed  description  of  each  test 
phase  follows. 

Phase  I Stator  Annular  Cascade  Test 

The  objective  of  the  Phase  I testing  was  to  isolate  and 
define  the  distribution  and/or  location  of  aerodynamic  losses 
in  the  HTF  stator.  The  initial  phase  of  the  test  program 
consists  of  replacing  the  rotor  assembly  with  a cylindrical 
spacer  to  form  a constant  annular  passage  downstream  of  the 
stator  cascade.  The  stator  axial  location  was  the  same  for 
both  test  phases  to  assure  geometric  consistency.  The  vane 
instrumentation  was  the  same  as  used  during  the  overall 
turbine  performance  evaluatirn. 
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Test  Plan 

The  test  plan  consists  of  conducting  four  radial-circumferential 
vane  exit  surveys  of  total  pressure  and  gas  angle  over  a wide 
range  of  vane  inlet  total  pressure  to  exit  static  pressure 
ratios  (Pti/pS2^  * T^e  exifc  surveys  were  conducted  at  (PTi/Ps2^ 
values  of  1.2,  1.5,  2.26  (design)  and  2.4.  These  values  of 
total/static  expansion  ratio  are  consistent  with  vane  exit 
ideal  Mach  numbers  ranging  from  approximately  0.5  to ^1.2. 

The  vane  exit  surveys  were  taken  at  eleven  radial  depths  and 

covered  a 20  degree  arc.  Since  the  number  of  vanes  are  24 

(15  degrees  between  vanes)  the  probe  traversed  approximately 

1.3  vane  spacings.  The  probe  was  positioned  in  such  a manner 

that  measurements  were  taken  across  two  vane  wakes. 

✓ 

Instrumentation 

Figure  14  shows  the  axial  location  of  the  stator  annular 
cascade  instrumentation.  The  rig  inlet  instrumentation  con- 
sisted of  four  total  pressure  Kiel  probes  equally  spaced  in 
the  circumferential  direction  and  located  in  the  centers  of 
equal  annulus  areas.  Inlet  hub,  mean  and  tip  thermocouple 
elements  were  positioned  at  four  equally  spaced  circumferential 
locations.  Five  static  pressure  taps  are  verniered  across  the 
vane  passage  in  the  vane  exit  plane  at  both  hub  and  tip 
locations.  An  additional  three  mid-channel  static  pressure 
taps  are  equally  spaced  circumferentially  at  hub  and  tip 
locations.  The  radial-circumferential  vane  exit  surveys 
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Figure  14  Instrumentation  schematic  for  the  subscale 
HTF  stator  full  annular  cascade  test 
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were  conducted  with  a 0.032  inch  "cobra"  probe  which  was  cali- 
brated to  measure  total  pressure  and  local  gas  angle.  Exit 
downstream  static  pressure  taps  were  located  as  shown  by  the 
instrumentation  schematic.  Stations  3 and  4 have  five  static 
pressure  taps  at  both  hub  and  tip  locations.  These  taps  are 
circumferentially  spaced  to  cover  a vane  spacing.  The  far- 
downstream  station  has  a single  static  pressure  measurement 
at  hub  and  tip.  In  addition,  airflow  rate  was  measured  using 
an  ASME  thin  plate  orifice  upstream  of  the  rig  inlet  plenum. 

Data  Reduction 

The  stator  annular  cascade  exit  survey  data  were  taken  every 
0.5  degrees  over  the  20  degree  circumferential  traverse  for 
each  of  the  eleven  radial  depths.  Thus,  measurements  of  local 
total  pressure  and  gas  angle  were  conducted  at  440  discrete 
positions  along  the  vane  exit  plane.  These  data  were  employed 
to  conduct  a detailed  performance  evaluation  of  the  HTF  vane 
in  terms  of  kinetic  energy  loss  coefficient  for  each  of  the 
four  total/static  expansion  ratios  investigated. 

The  definition  of  the  vane  kinetic  energy  loss  coefficient  at 
a point  in  the  flow  field  is: 


The  vane  exit  survey  plane  total  pressure  (P-pg)  was  determined 
using  a calibrated  "cobra"  probe.  The  local  value  of  survey 
plane  static  pressure  (Pgg)  was  assumed  to  be  a linear  inter- 
polation of  the  average  hub  and  tip  static  pressures  at 
instrumentation  station  3.  Figures  15  through  18  present  the 
calculated  contour  maps  of  the  vane  kinetic  energy  loss 
coefficient  (e)  for  each  of  the  four  total/static  expansion 
ratios  investigated. 


The  radial  distribution  of  HTF  vane  kinetic  energy  loss 
coefficient  was  calculated  by  mass  averaging  the  definition 
of  e over  a one  vane  spacing. 


0. 


e = p„  V . a e rd0 


s sin 


'0n 


v , 

1 


ps  Vsin  a e rd9 


Figures  19  through  22  present  the  calculated  radial  distributions 
of  e^_  for  the  vane  total/static  expansion  ratios  of  1.2,  1.5, 

2.26  (design)  and  2.4,  respectively. 


The  vane  passage  overall  loss  coefficient 
by  mass  averaging  the  radial  distribution 
exit  height. 
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Figure  23  shows  the  calculated  vane  overall  loss  coefficient 
(e)  as  a function  of  exit  actual  Mach  number.  The  value  of 
e used  for  the  aerodynamic  design  of  the  subscale  HTF  turbine 
is  also  shown. 


The  measured  relationship  between  stator  inlet  equivalent 
mass 

is  shown  by  Figure  24.  The  design  point  value  of  this 
parameter  is  shown  for  reference. 


flow  rate  (m>/Qcre ) an(j  vane  total/static  expansion  ratio 


Data  Analysis 

The  HTF  subscale  vane  annular  cascade  exhibited  relatively 
high  losses  in  the  hub  endwall  region  over  the  entire  range 
of  total/static  expansion  ratios  investigated.  An  examination 
of  the  loss  contour  plots  indicates  that  these  losses  are 
essentially  independent  of  circumferential  position.  The 
axisymmetric  characteristics  of  the  hub  loss  contours  suggest 
that  the  airfoil  is  not  the  primary  source  of  this  loss 
mechanism.  It  is  thought  that  these  losses  are  the  result 
of  a relatively  thick  boundary  layer  build-up  upstream  of  the 
vane  annular  cascade. 


Due  to  torque  and  dynamometer  power  limitations  on  the  DDA 
Small  Turbine  Research  Facility,  the  HTF  turbine  hub  diameter 
was  set  as  low  as  mechanically  possible.  This  minimum 
diameter  was  established  by  the  turbine  rig  rotor  shaft 
housing.  As  a result,  the  hub  geometry  upstream  of  the  vane 


is  cylindrical.  This  extended  upstream  of  the  vane  hub  is 
thought  to  provide  an  excessive  boundary  layer  build-up. 

It  should  be  noted  that  the  rig  tip  employs  a conventional 
inlet  bellmouth. 

The  measured  design  point  equivalent  flow  rate  of  1.511 
compares  very  well  with  the  design  value  of  1.525.  As  was 
previously  discussed,  measurements  of  the  actual  rig  hardware 
showed  the  vane  throats  to  be  fabricated  slightly  closed  in 
the  near  tip  region. 

Phase  II  Overall  Turbine  Performance  Evaluation 
Upon  completion  of  the  stator  full  annular  cascade  tests, 
the  stator  exit  survey  probe  and  downstream  constant  annulus 
area  spacer  was  removed  and  the  rotor  assembly  was  installed 
without  disturbing  the  vane  assembly.  The  objective  of  Phase 
II  testing  was  to  conduct  a detailed  performance  evaluation 
of  the  subscale  HTF  turbine  rig. 

Test  Plan 

Performance  mapping  was  conducted  over  a broad  range  of  overall 
turbine  total/total  expansion  ratios  (RexT^  f°r  eac^  of  five 
equivalent  speed  lines  (N//e"er)  • The  particular  speed  lines 
considered  were  70,  80,  90,  100  and  110  percent  of  design 

point  equivalent  speed.  The  discrete  steady  state  points 
considered  in  the  development  of  the  subscale  HTF  turbine 
performance  map  are  shown  by  Table  14. 
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TABLE  14 

Schematic  of  HTF  Subscale  Turbine  Performance  Testing 


Nominal 


Percent 

Design  I 

5oint  N/ / 0cr 

70 

80 
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110 
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1 - rotor  exit  survey 

2 - aerodynamic  design  point 

Turbine  exit  radial  surveys  were  performed  at  four  selected 
operating  conditions  as  denoted  by  Table  14.  The  survey  was 
accomplished  by  using  two  of  the  five  rotor  exit  yaw  probes. 
These  probes  measured  the  exit  total  temperature,  total 
pressure  and  flow  angle  at  centers  of  nine  equal  area  annuli. 

The  testing  was  conducted  at  a nominal  rig  inlet  temperature 
of  300°F.  Inlet  pressure  was  adjusted  to  achieve  the  desired 
turbine  expansion  ratios.  The  turbine  speed  was  controlled 
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by  the  facility  dynamometer  and  was  adjusted  on  line  to 
achieve  the  desired  equivalent  speed. 

Instrumentation 

The  instrumentation  for  the  overall  turbine  testing  required 
the  additional  installation  of  five  yaw  probes  downstream  of 
the  rotor  exit  plane.  The  axial  position  of  these  probes  is 
noted  by  the  instrumentation  schematic  shown  by  Figure  25. 
These  probes  nominally  are  located  on  the  centers  of  five 
equal  annular  areas.  Two  of  these  probes  were  moved  radially 
inward  and  data  recorded  over  a range  of  nine  radial  depths. 
The  instrumentation  at  stations  1 through  5 remained  unaltered 
between  the  stator  annular  and  turbine  testing. 

Data  Reduction 

The  turbine  steady  state  performance  was  defined  using  the 
measured  parameters  of  inlet  flow  rate  (m^) , inlet  total 
temperature  (Tx^) , inlet  total  pressure  (Px^) i shaft  torque 
( t ) , rotor  exit  absolute  gas  angle  (04) , rotor  exit  static 
pressure  (PS4)  and  rotational  speed  (N)  . The  turbine 
equivalent  flow  rate,  speed  and  torque  were  calculated  using 
the  measured  values  of  Tx^  and  P<j^  as: 
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The  measured  turbine  equivalent  flow  rate,  torque  and  exit 
angle  were  correlated  in  terms  of  overall  total/static 
expansion  ratio  (PTl/Pg4)  for  li-nes  °f  constant  percent  design 
equivalent  speed.  The  resulting  plots  are  shown  by  Figures 
26  through  28.  The  symbols  are  used  to  denote  actual  measured 
turbine  steady  state  data.  The  design  point  value  of  these 
parameters  are  also  shown.  These  measured  data  were  curve 
fit  analytically  and  used  to  define  all  other  performance 
parameters . 

Turbine  exit  total  pressure  (PT4)  was  calculated  using  smoothed 
values  of  m^,  Pg4 , T^  (calculated  from  measured  torque),  a4 
and  continuity.  Experience  at  DDA  has  shown  that  calculated 
turbine  exit  pressures  provide  more  consistent  performance 
characteristics  than  typically  results  from  using  measured 
PT4  values . 
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Design  point 


Turbine  total/static  expansion  ratio,  PT1/PS4 


Subscale  HTF  turbine  measured  flow  rate 
characteristics 


The  "smoothed"  values  of  torque,  inlet  flow  rate  and  calculated 
turbine  total  pressure  were  used  to  define  the  HTF  subscale 
turbine  rig  total/total  efficiency  (htt)  as  a function  of 
total/total  expansion  ratio  (Re,pT)  , for  lines  of  percent  design 
equivalent  speed.  The  resulting  turbine  rig  performance 
characteristics  are  shown  by  Figure  29.  The  definition  of 
titT  used  in  this  calculation  was: 


27TTN 
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The  aerodynamic  design  value  of  total/total  expansion  ratio 
is  3.36.  The  goal  efficiency  for  the  HTF  subscale  turbine 
rig  was  87  percent. 

The  turbine  inlet  equivalent  flow  and  total/total  efficiency 
plots  were  combined  to  form  the  rig  performance  map  as  shown 
by  Figure  30.  The  ordinate  of  this  map  is  turbine  equivalent 
work  (Ah/0cr)  and  the  abscissa  is  the  product  of  equivalent 
flow  rate  and  speed  (m^Ne-^/606 ) . The  value  of  equivalent 
work  is  based  on  design  point  total  temperature  and  the 
experimentally  determined  relationship  between  ReTip  and  Htt* 
The  HTF  subscale  turbine  rig  design  point  is  noted.  As  can 
be  seen,  the  turbine  design  point  equivalent  work  is  about 
34.1  Btu/lbm. 


Turbine  total/total  efficiency,  r\TT 


f~  Design  point 


EQUIVALENT  AOTOA 
SfEEO 

PERCENT  OESICN 


The  measured  relationship  between  the  subscale  HTF  turbine 
exit  Mach  number  (MV)  and  ReTT  is  presented  in  Figure  31. 

The  magnitude  of  exit  Mach  number  at  design  point  total/ 
total  expansion  ratio  was  found  to  be  0.58. 

Turbine  exit  radial  surveys  of  Pt^  , TT^  and  a 4 were  conducted 
for  four  selected  operating  conditions  which  covered  a broad 
range  of  exit  Mach  numbers  and  swirl  angles.  Figures  32 
through  35  present  the  radial  distribution  of  total/total 
efficiency  (hit)  and  exit  swirl  angle  (014)  as  defined  from 
parameters. 


Data  Analysis 

The  measured  turbine  inlet  equivalent  flow  at  design  point 
was  1.511  lbm/sec  (Figure  26).  This  compares  to  the  design 
value  of  1.525  lbm/sec.  Thus,  the  measured  flow  capacity  of 
the  HTF  subscale  rig  was  approximately  1.0  percent  below  design. 
The  vane  inlet  flow  characteristics  measured  during  the  stator 
annular  cascade  test  and  the  turbine  flow  characteristics  are 
shown  by  Figure  36.  Excellent  agreement  exists  between  these 
data.  This  comparison  implies  that  the  stator  is  controlling 
the  flow  since  the  vane  and  turbine  choked  flow  rates  are 
identical. 

The  measured  equivalent  torque  at  aero-design  point  total/ 
total  expansion  ratio  was  approximately  14.2  ft-lb  (Figure  27). 
This  compares  to  the  predicted  value  of  design  point  torque  of 
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Figure  32 
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14.1  ft-lb.  The  combination  of  increased  htt  anc^  decreased 
flow  capacity  of  the  subscale  rig  accounts  for  this  small 
difference  in  shaft  torque.  It  should  be  noted  from  exam- 
ination of  this  plot  that  limiting  loading  torque  was 
essentially  demonstrated  for  both  the  100  thd  110  percent 
equivalent  speed.  The  measured  limiting  loading  torque  for 
100  percent  speed  was  about  15.5  ft-lb.  Thus,  the  design 
point  has  a limiting  loading  work  margin  of  less  than  8 
percent. 

The  measured  turbine  exit  swirl  angle  at  design  point  conditions 
(Figure  28)  of  27.8  degrees  (swirl  opposite  the  direction  of 
rotation)  is  close  to  the  predicted  design  value  of  26.7  degrees. 

The  experimentally  determined  aero-design  point  total/total 
efficiency  for  the  HTF  turbine  rig  was  88.8  percent  (Figure 
29) . This  compares  to  a contract  goal  efficiency  of  87  percent. 
An  understanding  of  the  performance  characteristics  of  the 
subscale  turbine  can  be  gained  by  examining  the  distribution 
of  hub  and  tip  static  pressures  through  the  turbine.  Figures 
37  through  41  present  the  vane  and  blade  exit  static  pressures 
for  each  speed  line  over  the  range  of  ReTT  investigated.  The 
data  shows  that  70  percent  speed  line  has  low  rotor  reaction 
at  all  values  of  ReT<f  At  a given  value  of  ReTT,  increasing 
speed  provides  greater  rotor  hub  reaction.  The  100  and  110 
percent  speed  lines  have  positive  reaction  throughout  the 
operating  range.  The  measured  rotor  hub  static  pressure 
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reaction  (static  pressure  change  across  the  rotor/static 
pressure  change  across  the  stage)  at  design  point  conditions 
was  0.162.  This  matches  the  predicted  design  point  value  of 
reaction.  However,  as  indicated  by  the  slightly  lower  static 
predicted  Mach  number  levels  at  both  locations  are  slightly 
higher  than  measured. 

The  subscale  HTF  turbine  performance  map  (Figure  30)  was 

limited  at  the  lower  speed  lines  by  torque  constraints  on  the 

DDA  Small  Turbine  Research  Facility.  At  the  higher  speeds, 

the  turbine  operation  was  limited  by  inlet  total  pressure 

constraints.  However,  the  turbine  map  limiting  loading  line 

was  experimentally  defined  for  both  the  100  and  110  percent 

speed  lines.  This  map  indicates  the  subscale  HTF  turbine  rig 

demonstrated  an  equivalent  work  of  34.1  Btu/lbm  at  a 

“cr 

total/total  efficiency  (riTT)  °f  88.8  percent. 


SECTION  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  design,  fabrication  and  cold  air  testing  of  a subscale 
HTF  turbine  has  been  completed.  All  the  program  goals  as 
set  forth  in  the  contract  were  satisfied.  Table  15  is  a 
tabulation  of  a comparison  between  measured  and  predicted 
design  point  performance  parameters. 


TABLE  15 

Comparison  of  Measured  and  Predicted 
Design  Point  Aerodynamic  Parameters 


Design 

Measured 

m>/9cre 

Inlet  equivalent  flow  rate,  — g 

1.525 

1.511  lbm/sec 

Equivalent  work,  Ah/0cr 

33.4 

34.1  B/lbm 

Total/total  efficiency,  riTT 

87% 

88.8% 

Turbine  exit  swirl,  ci^ 

26.7° 

27.8 

Turbine  exit  Mach  number,  MW4 

.65 

.58 

AP„ 

. S rotor 

Rotor  hub  reaction,  7= 

. 162 

.161 

PS  stage 

Limiting  load  work,  Ah/0cr)LL 

36.5 

37.2  B/lbm 

These  data  illustrate  the  extent  of  the  success  of  the 
subscale  HTF  turbine  program. 

Additional  work  is  recommended  to  enlarge  the  technology  base 
being  developed.  The  following  areas  of  work  are  desired: 


o Evaluation  of  the  subscale  HTF  turbine  performance 
employing  a vane  reset.  The  vane  would  be  reset  in 
an  "open"  position  characteristic  of  maximum  turbine 
inlet  total  temperature. 

o Design,  fabricate  and  test  of  an  EGV  compatible  with 
the  range  of  exit  Mach  numbers  and  swirl  angles  of 
the  HTF  turbine. 

o Experimentally  investigate  methods  of  improving  the 
HTF  vane  performance  in  the  near  hub  region, 
o Evaluation  of  the  performance  characteristics  of  a 
subscale  HTF  turbine  configuration  designed  for  a 
higher  rotor  reaction.  This  would  require  resetting 
the  rotor  "closed"  in  the  current  rig.  The  amount  of 
reset  would  be  defined  from  exit  swirl  and/or  exit 
Mach  number  constraints. 


The  subscale  HTF  turbine  as  tested  is  consistent  with  the 
variable  pressure  ratio  full  size  turbine  vane  in  a "closed" 
position  (characteristic  of  minimum  RIT  cruise  condition) . 

A second  performance  mapping  is  suggested  using  a vane  reset 
in  the  "open"  position  as  a method  of  simulating  the  variable 
pressure  ratio  requirements  of  the  full  size  HTF  turbine.  The 
rotor  assembly  for  this  test  program  would  be  unaltered. 

The  application  of  the  HTF  turbine  in  a turbojet  engine 
configuration  will  require  an  EGV  due  to  the  exit  swirl. 

The  design  of  an  EGV  compatible  with  the  single  stage  HTF 
turbine  is  an  integral  part  of  the  HTF  aerodynamic  technology 


base. 
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The  subscale  turbine  vane  exhibited  an  area  of  high  loss  in 
the  near  hub  endwall  region.  It  is  thought  that  a major 
portion  of  this  loss  came  from  an  excessive  boundary  layer 
build-up  upstream  of  the  vane  inlet.  The  current  vane 
assembly  would  be  retested  employing  a rig  modification  to 
form  a baseline  for  evaluating  alternate  vane  designs. 

Test  data  indicates  the  subscale  HTF  turbine  has  more  limiting 
loading  work  margin  than  predicted.  Since  a limiting  loading 
work  margin  fixes  the  turbine  minimum  cruise  RIT,  it  is  of 
interest  to  increase  design  point  equivalent  work.  It  is 
suggested  that  the  vane  remain  unaltered  and  the  rotor  "closed 
This  will  have  the  effect  of  increasing  the  rotor  hub  reaction 
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